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 2 
Abstract 26 
There is strong interest in valorization of lignin to produce valuable products; however, its 27 
structural complexity has been a conversion bottleneck. Chemical pretreatment liberates lignin-28 
derived soluble fractions that may be upgraded by bioconversion. Cholinium ionic liquid 29 
pretreatment of sorghum produced soluble aromatic-rich fractions which were converted by 30 
Pseudomonas putida, a promising host for aromatic bioconversion. Growth studies and 31 
mutational analysis demonstrated that P. putida growth on these fractions was dependent on 32 
aromatic monomers, but unknown factors also contributed. Proteomic and metabolomic 33 
analyses indicated that these unknown factors were amino acids and residual ionic liquid; the 34 
oligomeric aromatic fraction derived from lignin was not converted. A cholinium catabolic 35 
pathway was identified and deletion of the pathway abrogated the ability of P. putida to grow 36 
on cholinium ionic liquid. This work demonstrates that aromatic-rich fractions obtained 37 
through pretreatment contain multiple substrates; conversion strategies should account for this 38 
complexity. 39 
 40 
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 3 
Introduction  42 
Lignocellulosic biomass, which is primarily composed of cellulose, hemicellulose and 43 
lignin, represents a primary renewable feedstock for biofuel and biochemical production [1]. 44 
For decades, conversion strategies have focused on the polysaccharides cellulose and 45 
hemicellulose, whereas lignin, which makes up around 15-30 wt % of biomass, is usually 46 
combusted to provide heat and electricity to support pulping operations or recovered as kraft 47 
lignin, vanillin or lignosulfonates [2, 3]. Despite the fact that lignin is the only large-volume 48 
renewable aromatic feedstock on the Earth [4, 5], the processing of lignin into bioproducts is a 49 
major bottleneck because of its intrinsic heterogeneity and recalcitrance to depolymerization 50 
[5]. However, with the emergence of lignocellulosic biorefineries, lignin conversion is a crucial 51 
component of integrated biorefineries with respect to economics and sustainability [6].  52 
A promising lignin valorization strategy for grasses couples chemical lignin 53 
depolymerization with microbial catabolism of aromatic monomers by hosts that have been 54 
engineered to upgrade the aromatics derived from this depolymerization [7-10]. This strategy 55 
relies on the ability of these hosts to assimilate these low molecular weight products as carbon 56 
sources [9, 11-13]. To achieve this objective, chemical lignin depolymerization methods have been 57 
developed to maximize the generation of these aromatic monomers [13-16]. Among these 58 
methods, a base-catalyzed depolymerization (BCD) process has been demonstrated to produce 59 
high yields of aromatic monomers, primarily p-coumarate, that acylate lignin [13, 17, 18]. 60 
Previously, the BCD process was employed on solid lignin-rich residue derived from corn 61 
stover to release aromatic monomers that can be further upgraded into value-added molecules 62 
[13]. These value-added molecules have included biopolymers (polyhydroxyalkonates) and 63 
monomers for synthetic polymers (cis-cis-muconic acid, 2-pyrone-4,6-dicarboxylic acid) [9, 13, 64 
19, 20]. Novel polymers have also been produced from intermediates in the catabolic pathway of 65 
aromatic monomers that have favorable properties compared to current commercial polymers 66 
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 4 
[2, 21]. To realize the potential of the conversion of aromatic intermediates from biomass to these 67 
value-added products, new methods need to be developed for improved lignin 68 
depolymerization. Ionic liquids (ILs) have been proposed as pretreatment chemicals for 69 
lignocellulosic biomass fractionation due to their highly tunable physicochemical properties 70 
and compatibility with biology [22, 23]; of particular interest is the ability of ILs to solubilize and 71 
depolymerize lignin from biomass.  Significant advances have also been made to improve  IL 72 
recovery and recycling to overcome high cost of ILs [22-25]. Combining IL pretreatment and the 73 
BCD process may increase the bioavailable depolymerized lignin that can be converted by 74 
microbes. 75 
Pseudomonas putida KT2440 is a promising host for engineering aromatic 76 
bioconversion, due to its ability to catabolize numerous compounds and its amenability to 77 
genetic manipulation. Bioconversion studies with aromatics and their catabolic pathways have 78 
been studied with purified model compounds [26-31] or lignin-derived aromatics [7, 9, 13, 32, 33]. 79 
However, the details of bioconversion using complex mixtures directly derived from plant 80 
biomass is relatively less well-understood. Therefore, a fundamental understanding of the 81 
biological conversion of complex aromatic mixtures derived from biomass is critical for 82 
rational strain engineering and upgrading of lignin-derived substrates to bioproducts.  83 
In this work, we obtained size-defined soluble aromatic-rich streams from sorghum 84 
using biologically-derived ILs and assessed their biocompatibility with P. putida. Growth 85 
studies, mutational analyses and mass spectrometry-based measurements demonstrated that P. 86 
putida grew on monoaromatics, amino acids and residual ILs that were present in the complex 87 
mixture obtained from base-catalyzed depolymerization of IL-pretreated sorghum. 88 
 89 
  90 
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 5 
RESULTS 91 
Generation of size-defined aromatic fractions from sorghum  92 
Sorghum was chosen as a representative grass to examine ILs for lignin 93 
depolymerization and microbial conversion because it is a promising crop for biofuel 94 
production and has previously been shown to produce biocompatible hydrolysates for 95 
microbial conversion through IL pretreatment [34, 35]. Multiple aromatic-rich fractions were 96 
produced from sorghum to identify a fraction that would be bioavailable for conversion by P. 97 
putida KT2440 (Figure 1).  In the first approach, the soluble fraction from pretreatment with a 98 
cholinium IL, cholinium aspartate, was treated with acid and then equilibrated for 2 days at 99 
5 °C (Figure 1(A)). This acid treatment produced a precipitated solid fraction which included 100 
lignin (54.2 wt %), glucan (1.4 wt %) and xylan (19.2 wt %) (Table 1). The hemicellulose was 101 
removed by enzymatic hydrolysis, providing a fraction, referred to as acid-precipitated lignin 102 
(AP lignin). Compositional analysis revealed that AP lignin, which was soluble in aqueous 103 
solution at neutral pH, was ~70 wt % lignin, and <5 wt % residual carbohydrate (Table 1). Gel-104 
Permeation Chromatography (GPC) analysis demonstrated that AP lignin contained aromatic 105 
molecules with a molecular weight distribution between 1-10 kDa (Figure 2A). In a second 106 
procedure, the solid remaining after cholinium IL pretreatment was enzymatically hydrolyzed 107 
and the residual material was treated with NaOH for base-catalyzed depolymerization (BCD) 108 
at the selected BCD reaction condition (120 °C and 5% NaOH, Figure 1(B)) [13, 36]. A detailed 109 
mass balance diagram of lignin streams in this process is presented in Figure S1. The aqueous 110 
fraction, referred to as base-catalyzed depolymerized liquor (BCD liquor) had 20.5 wt % lignin 111 
and 1.5 wt % carbohydrate (glucan and xylan) (Table 1). The BCD liquor obtained after the 112 
pretreatment (deacetylation and mechanical refinement) and enzymatic hydrolysis (DMR−EH) 113 
of corn stover[13] exhibited amounts of lignin and carbohydrate comparable to those in our 114 
study. Monomeric sugars were not detected in the BCD liquor according to HPLC analysis. 115 
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 6 
GPC analysis confirmed that the BCD fraction had peaks corresponding to monoaromatics 116 
(0.1-0.3 kDa) as well as a broad distribution of higher molecular weight species (Figure 2(A)) 117 
whereas lignin-rich residue before BCD reaction had broad peaks in oligomeric lignin (1-10 118 
kDa) without monoaromatics (Figure S2), indicating that BCD reaction yielded lignin-derived 119 
aromatic monomers by the depolymerization of HMW lignin. The composition and 120 
concentration of the monoaromatics identified in the GPC chromatogram were further 121 
identified and quantified by LC-MS. The most abundant monoaromatic was p-coumarate (pCA) 122 
(~1.7 g/L), and ferulate (FA) was the second most abundant monoaromatic (~0.2 g/L) (Figure 123 
2(B)). Other monoaromatics in the BCD liquor were syringate, p-hydroxybenzaldehyde, 124 
benzoate, p-hydroxybenzoate, vanillate, and vanillin, all at concentrations <0.1 g/L (Figure 125 
2(C)). In contrast, AP lignin consisted of a limited number of monoaromatic molecules, all at 126 
concentrations around <0.02 g/L (Figure 2(B) and 2(C)). As a result of the BCD process, ~ 2 127 
g/L of aromatic monomers were obtained in 330 mL of BCD liquor, representing 11 wt % yield 128 
of aromatic monomers relative to the solid lignin-rich residue (38.5 g/L lignin) compared to 14 129 
wt % yield for the BCD reaction corn stover that had been treated by DMR-EH [13].  130 
 131 
2D HSQC NMR analysis of BCD and AP lignin 132 
The aromatic/unsaturated (δH/δC 6.0 - 8.0/90 - 160) and aliphatic (δH/δC 2.5 - 6.0/50 - 133 
90) regions of HSQC NMR spectra of the AP lignin and BCD liquor were analyzed to provide 134 
chemical information related to their composition characterized by interunit linkages (Figure 135 
3). Signals from the aromatic ring correlations from syringyl (S) lignin (derived from sinapyl 136 
alcohol), guaiacyl (G) units (derived from coniferyl alcohol), and p-hydroxyphenyl (H) lignin 137 
(derived from p-coumaryl alcohol) were observed in the spectra of both the BCD and AP 138 
fractions. The aromatic region of the HSQC spectrum indicated that BCD fraction consisted of 139 
S (8.2%), G (88.3%), and H (3.5%) units, which represents a S/G ratio of 0.1 (Figure 3A). The 140 
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 7 
AP fraction consisted of S (19%), G (73.7%), and H (7.3%) units, representing a S/G ratio of 141 
0.26 (Figure 3B). Prominent signals corresponding to pCA were also observed in both the BCD 142 
and AP lignin [37, 38]; in addition, signals for FA were observed in the spectrum of the AP lignin. 143 
Since the LC-MS measurements only detected free pCA and FA in the BCD liquor, the HSQC 144 
spectra corresponding to p-coumarate and ferulate found in AP lignin are likely to be pCA- 145 
and FA-end groups attached to oligomers. The AP lignin spectrum had signals corresponding 146 
to condensed S2,6 and condensed G2 units, suggesting that repolymerization reactions occurred 147 
during the pretreatment process. The aliphatic/side-chain region provided important 148 
information about the lignin interunit linkages. All HSQC spectra of BCD lignin showed 149 
correlations corresponding to all of the sidechain C/H pairs for β-ether (β-O-4, substructure A) 150 
and methoxyl groups, while AP lignin showed correlations corresponding to the sidechain C/H 151 
pairs for β-ether (β-O-4, substructure A), resinol (β-β, substructure C) units, cinnamyl alcohol 152 
(I) end groups and methoxyl groups. 153 
 154 
Pseudomonas putida KT2440 growth on BCD liquor 155 
Preliminary tests indicated that Pseudomonas putida KT2440 was capable of growth 156 
on the BCD liquor while it was incapable of growth on the AP lignin (data not shown). 157 
Bacterial growth, aromatic utilization, and aromatic MW distribution before and after 158 
cultivation were investigated with 80% (v/v) BCD liquor in M9 minimal medium. The growth 159 
of P. putida on BCD liquor was compared to growth on a control with pCA as the sole carbon 160 
substrate. 161 
Growth of P. putida KT2440 on BCD liquor correlated with the rapid depletion of pCA, FA 162 
and other monoaromatic monomers (Figure 4(A) and Figure S3). During the consumption of 163 
pCA and FA, transient accumulation of p-hydroxybenzoate and vanillate was observed as 164 
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 8 
intermediates in pCA and FA catabolic pathways, respectively, followed by complete 165 
consumption (Figure S3). Furthermore, the molecular weight (MW) distributions after the 166 
bacterial treatment were also measured to examine catabolism of low molecular weight (LMW) 167 
aromatics as well as depolymerization of higher molecular weight (HMW) molecules. The MW 168 
profile in the uninoculated control exhibited a major peak in the LMW region (Figure 4(B)). 169 
After microbial cultivation of the BCD liquor, the LMW species were absent in the GPC trace, 170 
consistent with the complete consumption of the aromatic monomers; however, the peaks in 171 
the HMW regions were unchanged after microbial culturing. These findings indicated that P. 172 
putida was able to degrade monoaromatics but not the higher molecular weight aromatics 173 
derived from lignin depolymerization. In comparison to growth on BCD liquor, P. putida 174 
growth on pCA under the same conditions and at the same concentration as present in the BCD 175 
liquor was lower, contributing to 30% of the growth of the BCD liquor (Figure 4(A)). This 176 
difference was unexpected, as it was assumed that pCA was responsible for almost all the P. 177 
putida growth observed in the BCD liquor. To determine if additional substrates were present 178 
in the BCD liquor, the ability of P. putida to grow on pCA and FA was abrogated by disrupting 179 
the hydroxycinnamoyl-CoA hydratase-lyase (ech, PP_3358) gene, whose gene product 180 
dehydrates and liberates acetyl-CoA from hydroxycinnamic acids. As expected, the ΔPP_3358 181 
mutant was not able to grow with pCA as the sole carbon source (Figure 4(C)), and a major 182 
peak corresponding to LMW aromatics were still observed in the BCD liquor after microbial 183 
conversion using the P. putida mutant (Figure 4(D)). In parallel with the GPC profile, HPLC 184 
demonstrated that pCA and FA in the BCD liquor were not consumed during mutant cultivation 185 
(Figure S4). Nonetheless, the ΔPP_3358 mutant strain was still capable of growing in the BCD 186 
liquor to an optical density approximately half of what was observed with the wild type P. 187 
putida, confirming that the BCD liquor contained additional substrates for P. putida.  188 
 189 
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 9 
A previous study demonstrated that the plant-derived amino acids in biomass hydrolysates 190 
enhanced P. putida growth and production of fatty acid-derived molecules [39]. Therefore, 191 
amino acids liberated by the BCD process may serve as additional substrates for P. putida. The 192 
concentration of amino acids in the BCD liquor was measured at 0.37 g/L by LC-MS. Alanine 193 
(0.19 g/L) and serine (0.07 g/L) were the most abundant amino acids, and other low-abundance 194 
amino acids were present at ~ 0.1 g/L in total (Figure 2(D)). A synthetic mixture mimicking 195 
the amino acids in the BCD liquor was formulated and growth of P. putida was tested with 196 
these amino acids. This culture (AA-only) demonstrated modest growth as the sole carbon 197 
source for growth but boosted growth by 29% when added to a medium with pCA (pCA-AA) 198 
(Figure 4(A)) 199 
 200 
Overview of the proteomic analysis  201 
Since the combination of pCA and the amino acids only partially recovered the growth 202 
of P. putida observed with the BCD liquor, global proteomic analysis of the proteins produced 203 
by P. putida KT2440 during growth on BCD liquor was initiated to explore the underlying 204 
microbial responses and identify determinants of increased growth with the BCD liquor as 205 
substrate. Glucose-grown cells were used as the control for comparative proteomic analysis. 206 
Among 504 proteins identified, 71, 56, 34 and 39 proteins were significantly increased (log2 207 
FC > 1, p < 0.01) in BCD liquor-, AA-, pCA-, and pCA/AA-grown cells, respectively. All of 208 
these increased proteins were clustered into 18 functional groups indicating particular 209 
metabolic processes responsible for the utilization of the different substrate sources (Figure 210 
S5). According to the COG analysis, significantly increased proteins in P. putida in response 211 
to BCD liquor were grouped into the categories “energy production and conversion”, “lipid 212 
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transport and metabolism”, “amino acid transport and metabolism” and “secondary metabolites 213 
biosynthesis, transport and catabolism” in cells grown in the BCD liquor. 214 
 215 
Differentially increased proteins in P. putida KT2440 grown in BCD liquor 216 
Growth of P. putida in a M9 minimal medium containing BCD liquor led to the 217 
significant induction of proteins associated with aromatic catabolic and β-ketoadipate pathways 218 
(Figure 5 and Table S1). More specifically, the proteins involved in the conversion of p-219 
coumarate and ferulate to hydroxybenzoate: 4-coumarate: CoA ligase (Fcs), 220 
hydroxycinnamoyl-CoA hydratase-lyase (Ech) and vanillin dehydrogenase (Vdh) were 221 
significantly increased (5.1- to 7.5-log2 FC) when cells were grown in BCD liquor compared 222 
to the control culture grown from sugar only. 4-Hydroxybenzoate hydroxylase (PobA), which 223 
transforms 4-hydroxybenzoate into protocatechuate, was also significantly increased (6.8-log2 224 
FC). The subsequent enzymes encoded by the pca genes further catalyze the protocatechuate 225 
ortho-cleavage pathway [40]. The pca genes are arranged in four different clusters, pcaHG, 226 
pcaBDC, pcaIJ, and pcaF.  Herein, enzymes (PcaHG, PcaB and PcaD) belonging to the 227 
protocatechuate branch of the β-ketoadipate pathway were significantly increased (1.4- to 6.0-228 
log2 FC). 4-Carboxymuconolactone decarboxylase (PcaC) required for the transformation of 229 
4-carboxymuconolactone to beta-ketoadipate-enol-lactone was not detected in this study. 230 
Lastly, proteins (PcaIJ and PcaF) involved in two further steps of converting β-ketoadipate into 231 
tricarboxylic acids (TCA) cycle intermediates were also significantly increased (3.0- and 2.9-232 
log2 FC, respectively). Similar changes in the level of these enzymes involved in the aromatic 233 
catabolic pathway was also observed in pCA-only (3.3- to 7.7-log2 FC) and pCA/AA (1.9- to 234 
7.8-log2 FC) controls (Figure S6, Figure S7 and Table S2). Degradation of p-coumarate through 235 
the protocatechuate-branch of the β-ketoadipate pathway yields acetyl-CoA and succinyl-CoA, 236 
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which enter the TCA cycle [40]. TCA cycle enzymes citrate synthase (GltA, 0.8-log2 FC), 237 
aconitate hydratase (AcnA-2, 2.1-log2 FC), isocitrate dehydrogenase (Icd, 1.0-log2 FC), 238 
succinate dehydrogenase (SdhAB, 0.9- to 1.2-log2 FC) and the first enzyme of glyoxylate shunt 239 
(isocitrate lyase (AceA), 4.5-log2 FC) were at significantly higher abundance when cells were 240 
grown in BCD liquor. Similar results were observed in succinate dehydrogenase and glyoxylate 241 
shunt enzymes in pCA-only (1.2- to 4.4-log2 FC) and pCA/AA (0.6- to 4.0-log2 FC) controls 242 
(Figure S6, Figure S7 and Table S2).  243 
Additional substrates that may contribute to P. putida growth are plant-derived fatty 244 
acids. Fatty acids are essential components of membranes and are important sources of 245 
metabolic energy, which can either be degraded via β-oxidation pathway or used as precursors 246 
for important building blocks such as phospholipids. GC-MS measurements demonstrated low 247 
levels of fatty acids in the BCD liquor with abundant octadecanoic acid (10 mg/L). Despite the 248 
low abundance, proteins involved in fatty acid β-oxidation (FadAB) showed significant 249 
increases in abundance (1.2- to 4.3-log2 FC) in the proteome of the culture with the BCD liquor. 250 
However, these proteins were also increased in the proteome of the AA-only (Figure S8) and 251 
pCA-AA cultures (Figure S7), suggesting that the increased abundance of β-oxidation proteins 252 
may arise as a result of amino acid metabolism. Proteins involved in amino acid transport and 253 
their metabolism were observed in higher levels compared to glucose-only control. For 254 
example, glutaminase (AnsB, 1.98-log2 FC), glutamate/aspartate ABC transporter-periplasmic 255 
binding protein (GltI, 2.3-log2 FC) and choline/betaine/carnitine ABC transporter-substrate 256 
binding protein (BetX, 1.9-log2 FC) were significantly increased probably due to the utilization 257 
of plant-derived amino acids. The enzymes were also increased in the control groups with 258 
amino acids present (2.1- to 2.7-log2 FC in AA-only; 0.6- to 2.0-log2 FC in pCA/AA). 259 
 260 
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Another possible substrate in the BCD liquor could be residual ILs from the initial 261 
pretreatment. We considered this an unlikely possibility, since the solids remaining after both 262 
ILs pretreatment and enzymatic hydrolysis was extensively washed. However, other 263 
Pseudomonas species have been shown to catabolize cholinium [41-43], and we considered the 264 
possibility that the residual cholinium IL was responsible for the P. putida BCD growth. 265 
To determine if the catabolism of cholinium occurred during growth on the BCD liquor, a 266 
putative cholinium catabolic pathway was identified in the P. putida genome by reference to a 267 
characterized pathway in Pseudomonas aeruginosa [41, 42, 44] (Figure 5 and Figure S9). 268 
Cholinium is oxidized to glycine betaine by genes encoding choline dehydrogenase (BetA) and 269 
betaine aldehyde dehydrogenase (BetB), followed by demethylation of glycine betaine to 270 
dimethylglycine by serine hydroxymethyltransferase (GlyA-1). The demethylation of 271 
dimethylglycine is carried out by DgcA and DgcB. Sarcosine demethylation is conducted by a 272 
heterotetrameric enzyme, SoxBDAG. Proteomic analysis revealed that the some of the proteins 273 
of the putative cholinium catabolic pathway was significantly increased in BCD liquor (Table 274 
S1): BetA (2.9-log2 FC), BetB (4.0-log2 FC), GlyA-1 (2.6-log2 FC), DgcA (2.9- log2 FC) and 275 
SoxABG (3.1- to 5.1-log2 FC). The catabolism of cholinium was also confirmed by LC-MS 276 
analysis of the BCD liquor, which indicated that ~0.2 g/L of cholinium was present in the BCD 277 
liquor and was consumed during the course of the cultivation with the BCD liquor. A previous 278 
study characterized the analogous gene cluster to ΔPP_0308-0313 containing dgcAB which is 279 
necessary for conversion of dimethylglycine to sarcosine in P. aeruginosa [41]. In addition, the 280 
proteomic result showed the significant increase of betBA herein; thus, taken together, we 281 
deleted ΔPP_5063-5064 and ΔPP_0308-0313 in KT2440 (Figure S9) and grew the mutant on 282 
0.2% (w/v) cholinium aspartate to test the ability of the mutant P. putida to grow on the 283 
cholinium aspartate. As expected, the ΔPP_5063-5064_0308-0313 mutant was not able to 284 
grow on 0.2% (w/v) cholinium aspartate while wild type P. putida KT2440 grew on it (Figure 285 
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S10), suggesting that the gene deletion related to cholinium catabolism in a host strain can be 286 
a strategy to improve the efficiency of biomass conversion.   287 
  288 
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DISCUSSION 289 
We employed choline-based ILs pretreatment to obtain solubilized and insoluble lignin 290 
fractions that were then further processed into size-defined fractions, which were examined for 291 
microbial utilization. In one approach, a low molecular weight fraction was obtained by BCD 292 
reaction of the solid fraction after saccharification, while a relatively high molecular weight 293 
fraction was produced by another approach using acid precipitation of the IL-solubilized lignin. 294 
HSQC NMR of the AP lignin was consistent with condensation of lignin, which may arise 295 
during ILs pretreatment or subsequent acid precipitation[45], whereas BCD provided 296 
depolymerized lignin streams without condensation. The BCD process included in this study 297 
and a previous study[13] had an 11-14 wt % yield of 8 quantified aromatic monomer while other 298 
depolymerization processes such as catalytic hydrogenolysis and hydrothermal liquefaction 299 
reported 6-19 wt % yield of 11-71 quantified monomers [46-48]. These differences in yield are 300 
mostly likely due to different plant biomass substrates and separation process used in each case.  301 
The substrates pCA and FA were the main aromatic monomers present in BCD liquor, 302 
but p-coumarate was present at much higher levels than ferulate. The higher abundances of p-303 
coumarate compared to ferulate support previous observations that p-coumarate is 304 
predominantly attached to the lignin while ferulate is mostly attached to the polysaccharides 305 
[13, 49]. Previous studies have indicated that the bulk of p-coumarate is esterified to the lignin 306 
side chains and acylates the γ-OH of the lignin side chain in grasses [50-53]. On the other hand, 307 
ferulate has been shown to be involved in lignin-polysaccharides linkages [54]. While previous 308 
studies focused mainly only on aromatic compounds in BCD liquor [13, 14, 18], this study further 309 
revealed that BCD liquor contains fatty acid and residual ILs (choline) as well as aromatics 310 
and amino acids, which revealed not only specific, differentially increased proteins of P. putida 311 
using the mass spectrometry-based proteomic approach, but also aromatic-independent growth 312 
by a P. putida mutant strain that was unable to metabolize p-coumarate and ferulate. The amino 313 
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acids in BCD liquor were probably liberated during the BCD reaction by hydrolysis of plant 314 
proteins in the solid fraction after one-pot pretreatment. Some covalent linkages have also been 315 
demonstrated between lignin, polysaccharides and structural proteins of grass cell walls [55]. A 316 
variety of sorghum showed a wide range of protein contents (8.6-17.7 wt %) including 317 
abundant alanine, glutamic acid, proline, isoleucine, phenylalanine and serine [56]. In addition, 318 
the other amino acids (except tryptophan) in BCD liquor were also main components in the 319 
sorghum. The plant-derived amino acids (serine, valine, aspartate, phenylalanine and 320 
tryptophan) were also shown in hydrolysates obtained from Arabidopsis, switchgrass and 321 
sorghum [39]. Free fatty acids in the BCD liquor were probably produced by the base-catalyzed 322 
hydrolysis of esterified lipid membrane components, such as moderate to long chain fatty acids 323 
[57, 58].  324 
When P. putida was grown in the BCD liquor, complete utilization of aromatic 325 
monomers was observed during aromatic catabolism corresponding with the disappearance of 326 
LMW lignin peaks in GPC, which is in agreement with a previous study [13]. We observed a 327 
protocatechuate ortho-cleavage pathway and β-ketoadipate pathway by proteomic 328 
measurements. However, depolymerization of HMW aromatics by P. putida was not observed 329 
in our system. These results are in contrast to previous studies [8, 59], which reported 330 
simultaneous depolymerization of HMW aromatics and aromatic catabolism in alkaline 331 
pretreated liquor by P. putida. The inability of P. putida to catabolize HMW aromatic is 332 
consistent with the lack of depolymerization enzymes observed in the proteome. 333 
We observed significant upregulation of the fatty acid β-oxidation pathway and acetyl-334 
CoA synthetase, both of which may enable an increase in acetyl-CoA levels and a subsequent 335 
increase in carbon flux towards the glyoxylate shunt and TCA cycle, respectively[60]. 336 
Considering the elevated proteins levels involved in β-oxidation in the presence of amino acids 337 
(AA-only and pCA/AA controls), the significant increase in abundance of the fatty acid β-338 
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oxidation pathway in BCD liquor was likely due to amino acid metabolism. Additionally, 339 
dehydrogenases present in the TCA cycle (Icd, SdhA and SdhB) were increased. All of the 340 
dehydrogenases mentioned above are involved in the NADH or FADH2 generation, and their 341 
oxidation leads to ATP production. Moreover, we observed significantly increased isocitrate 342 
lyase in the cultures with BCD liquor and associated controls. Isocitrate lyase catalyzes the 343 
formation of glyoxylate and succinate from isocitrate as a key step of the glyoxylate cycle [61]. 344 
The glyoxylate shunt proteins have been observed to increase in abundance when acetyl-CoA 345 
is a product of a metabolic pathway, for example via degradation of fatty acids, acetate or 346 
alkanes [60] and bypassing a portion of the TCA cycle conserves carbon for gluconeogenesis 347 
while simultaneously diminishing the flux of electrons funneled into respiration [62]. Taken 348 
together, it seems likely that P. putida increases the availability of acetyl-CoA and/or electron 349 
carriers when growing on the BCD liquor to obtain energy and precursors for cellular 350 
biosynthesis. The glyoxylate cycle is involved in the metabolic adaptation in response to 351 
environmental changes, which operates as an anaplerotic route for replenishing the TCA cycle 352 
during growth under glucose limitation [61, 63].  353 
 354 
Conclusion 355 
Lignin is one of the most abundant biopolymers on Earth and is generated as a co-product in 356 
the processing of lignocellulosic biomass. Valorization of these residual lignin streams is a 357 
promising method to enhance the economic viability of modern lignocellulosic biorefineries. 358 
In this study, we developed a process to couple chemical depolymerization of lignin and 359 
biological conversion using P. putida. Water-soluble and bioavailable aromatic fractions were 360 
obtained from sorghum and further characterized as a growth substrate for P. putida. Proteomic 361 
and metabolomic analyses demonstrated that P. putida metabolized other components of these 362 
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mixtures beyond monoaromatic compounds, which illuminates how microbes can process 363 
complex aromatic-rich fractions obtained from plants.  364 
365 
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Experimental Section 366 
Materials 367 
Sorghum was provided by Idaho National laboratory and ground using a Wiley mill 368 
through a 2mm screen and separated by a vibratory sieve system (Endecotts, Ponte Vedra, FL, 369 
USA). The commercial enzyme products Cellic® CTec3 and Cellic® HTec3 were gifts from 370 
Novozymes, North America (Franklinton, NC, USA). Cholinium aspartate was purchased from 371 
IoLiTec (Heilbronn, Germany). 372 
 373 
One-pot pretreatment and base-catalyzed depolymerization  374 
ILs pretreatment was conducted to process sorghum in a miniclave drive reactor 375 
(Buchiglas, Switzerland), containing 70 g wet biomass, 35 g of cholinium aspartate 376 
([Ch]2[Asp]) and 245 g of DI water to give 20% (w/w) biomass loading at 140°C for 3hr. 377 
Following pretreatment, pH was adjusted to 5.5 with concentrated HCl and enzymatic 378 
hydrolysis was conducted with 50mM citrate buffer. Enzyme mixtures (Cellic® CTec3 and 379 
HTec3 at ratio of 9:1 v/v) were added to the pH-adjusted slurry. The enzymatic saccharification 380 
step was operated at 50 °C for 72 h with constant agitation on an Enviro Genie SI-1200 Rotator 381 
platform (Scientific Industries, Inc., Bohemia, NY). The hydrolysates were centrifuged at 382 
15300xg to separate the solid and liquid phases. Solids were washed 10 times with 200 mL of 383 
DI water and lyophilized in a FreeZone Freeze Dry System (Labconco, Kansan City, MO, 384 
USA). 385 
For the BCD reaction, the lyophilized substrate was added as 10% (w/v) solids to a 5% 386 
NaOH solution, loaded into a 350 mL stainless steel Miniclave drive 3 pressure reactor  387 
(Buchiglas, Switzerland), which was equipped with an impeller and temperature controller. 388 
The reaction proceeded through a 35 min ramp from 25 to 120 °C, a 30 min reaction at 120 °C, 389 
and a 25 min ramp from 120 to 40 °C, while keeping the stirrer speed constant at 1500 rpm as 390 
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described previously [13]. After the BCD reaction, the pH of the resultant liquor was adjusted 391 
to 7 with 5 N H2SO4, and the aqueous fraction was separated from the remaining solids by 392 
centrifugation. The aqueous fractions from all the BCD reactions were sterilized by surfactant-393 
free cellulose acetate (SFCA) filtration chambers (Thermo Fisher Scientific, Waltham, MA, 394 
USA) for bacterial growth assays. 395 
 396 
ILs pretreatment and acid precipitation  397 
Cholinium aspartate pretreatment of sorghum was performed in a Parr reactor 398 
containing 70 g wet biomass, 35 g of [Ch]2[Asp] and 245 g of DI water to give 20% (w/w) 399 
biomass loading at 140 °C for 3hr. After pretreatment, the slurry was transferred to 500 mL 400 
centrifuge bottles tubes (Nalgene, Rochester, NY, USA), centrifuged and filtered through 5-10 401 
μm polypropylene bag mesh (The Western States Machine Company, Hamilton, OH, USA) to 402 
separate liquid and solid phases. The liquid phase was adjusted to pH = 2 with concentrated 403 
H2SO4 and the liquids were stored at 5 °C for 48hr to obtain an acid precipitate. The mixture 404 
was transferred to 500 mL centrifuge bottles tubes and centrifuged at 15300 x g to obtain acid-405 
precipitated solids. The recovered solids were further washed ten additional times with distilled 406 
water at pH 2 and the materials were lyophilized. Enzymatic hydrolysis of lyophilized solids 407 
was further carried out at 50 °C in an incubator shaking at 200 rpm for 72 h with an enzyme 408 
mixture of Cellic® CTec3 and HTec3 at ratio of 1:1 v/v, respectively, after pH adjustment (pH 409 
= 5).  410 
 411 
Gel-Permeation Chromatography analysis  412 
GPC was used to determine the relative molecular weight distribution of the lignin in 413 
AP lignin and BCD liquor before and after microbial cultivation. The methodology for the 414 
GPC analysis employed in this work has been reported previously [14]. Briefly, samples 415 
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consisting of 20 mg of dried material from culture supernatants were acetylated with a mixture 416 
of acetic anhydride (0.5 mL) and pyridine (0.5 mL) at 40 °C for 24 h. Methanol was added (0.2 417 
mL) to terminate the reaction, and all solvents were evaporated with nitrogen gas. The samples 418 
were dried in a vacuum oven at 40 °C overnight, dissolved in tetrahydrofuran (THF), and 419 
filtered with 0.45 μm polytetrafluoroethylene (PTFE) filters (GE Healthcare Life Sciences, 420 
USA). GPC analysis was performed using an Agilent HPLC with 3 GPC columns (Polymer 421 
Laboratories, 7.5 mm i.d. × 300 mm length) packed with polystyrene-divinylbenzene 422 
copolymer gel (10 μm beads) with THF as eluent at a flow rate of 1 mL/min at 35 °C. 423 
Absorbance at 260 nm was quantified with a diode array detector, and the retention time was 424 
converted to molecular weight using a calibration curve made with polystyrene standards. 425 
 426 
Compositional analysis 427 
Total sugars, lignin extractives and ashes from untreated sorghum, precipitated solids 428 
after acid treatment, AP lignin and BCD liquor were determined according to NREL protocols 429 
[64]. The samples (100 mg dry material per mL) were subjected to two-step acid hydrolysis: the 430 
first step with 72% (w/w) H2SO4 at 30 °C for 1 h and the second step conducted in the presence 431 
of 4% (w/w) sulfuric acid at 121 °C for 1 h. The amount of monomeric sugars was determined 432 
from the filtrate by high performance liquid chromatography (HPLC) as described below. The 433 
amount of glucan and xylan was calculated from the glucose and xylose content multiplied by 434 
the anhydro correction factors of 162/180 and 132/150, respectively. After hydrolysis, the 435 
hydrolysates were filtered through a filter crucible (pore size 4; Schott, Germany). The solids 436 
remaining after two stage acid hydrolysis, Klason lignin and ash, were measured 437 
gravimetrically while the acid-soluble lignin (ASL) content was quantified by measuring the 438 
UV absorbance of the acid hydrolysis supernatant at 240 nm. Ash was determined through 439 
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changes in weight upon heating to 575 °C. The reported values represent the average of three 440 
technical replicates.  441 
Monomeric sugars in the supernatant collected and quantified using an Agilent HPLC 442 
1260 Infinity equipped with a 300 × 7.8 mm Aminex HPX 87 H column (Bio-Rad, Hercules, 443 
CA, USA) and Refractive Index Detector heated at 35 °C. An aqueous solution of H2SO4 (4 444 
mM) was used as the mobile phase (0.6 mL min−1, column temperature 50 °C). The injection 445 
volume was 20 μL with a run time of 20 min.  446 
 447 
2D 13C‑1H HSQC NMR spectroscopy  448 
Lyophilized samples were ball-milled, solubilized in 4:1 DMSO-d5/pyridine-d6, and 449 
then analyzed by two-dimensional (2D) 1H-13C heteronuclear single-quantum coherence 450 
(HSQC) nuclear magnetic resonance (NMR) spectroscopy as previously described [65]. Briefly, 451 
ball-milled samples were placed in NMR tubes with 600 μL DMSO-d6/pyridine-d5. The 452 
samples were sealed and sonicated to homogeneity in a Branson 2510 table-top cleaner 453 
(Branson Ultrasonic Corporation, Danbury, CT). The temperature of the bath was closely 454 
monitored and maintained below 55 °C. HSQC spectra were acquired at 25 °C using a Bruker 455 
Avance-800 MHz instrument equipped with a 5 mm inverse gradient 1H/13C cryoprobe using 456 
the “hsqcetgpsisp2.2” pulse program (ns = 200, ds = 16, number of increments = 256, d1 = 1.0 457 
s). Chemical shifts were referenced to the central DMSO peak (δC/δH 39.5/2.5 ppm). 458 
Assignment of the HSQC spectra is described elsewhere [66, 67]. Changes in lignin structural 459 
characteristics were determined based on volume integration of HSQC spectral contour 460 
correlations using the Bruker’s Topspin 3.1 processing software. 461 
 462 
LC-MS analysis of phenolic compounds 463 
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All metabolites were quantified using HPLC-electrospray ionization (ESI)-time-of-464 
flight (TOF) mass spectrometry (MS). An aliquot of the culture medium was cleared by 465 
centrifugation (21,000 x g, 5 min, 4°C) and filtered using Amicon Ultra centrifugal filters 466 
(3,000 Da MW cut off regenerated cellulose membrane; Millipore, Billerica, MA, USA) prior 467 
to analysis. The separation of metabolites was conducted on the fermentation-monitoring HPX-468 
87H column with 8% cross-linkage (150-mm length, 7.8-mm inside diameter, and 9-μm 469 
particle size; Bio-Rad, Richmond, CA, USA) using an Agilent Technologies 1100 Series 470 
HPLC system. A sample injection volume of 10 μl was used throughout. The sample tray and 471 
column compartment were set to 4 and 50°C, respectively. Metabolites were eluted 472 
isocratically with a mobile-phase composition of 0.1% formic acid in water at a flow rate of 473 
0.5 ml/min. The HPLC system was coupled to an Agilent Technologies 6210 series time-of-474 
flight mass spectrometer (LC-TOF MS) via a MassHunter workstation (Agilent Technologies, 475 
CA, USA). Drying and nebulizing gases were set to 13 liters/min and 30 lb/ in2, respectively, 476 
and a drying-gas temperature of 330°C was used throughout. ESI was conducted in the negative 477 
ion mode and a capillary voltage of -3,500 V was utilized. All other MS conditions were 478 
described previously [68].  479 
 480 
LC-MS analysis of amino acids  481 
For the measurement of proposed plant-derived amino acids in the BCD fraction, liquid 482 
chromatographic separation was conducted using a Kinetex HILIC column (100-mm length, 483 
4.6-mm internal diameter, 2.6-μm particle size; Phenomenex, Torrance, CA) using a 1200 484 
Series HPLC system (Agilent Technologies, Santa Clara, CA, USA) as described previously 485 
[39]. The injection volume for each measurement was 2 μL. The sample tray and column 486 
compartment were set to 6°C and 40°C, respectively. The mobile phase was composed of 20 487 
mM ammonium acetate in water (solvent A) and 10 mM ammonium acetate in 90% acetonitrile 488 
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and 10% water (solvent B) (HPLC grade, Honeywell Burdick & Jackson, CA, USA). 489 
Ammonium acetate was prepared from a stock solution of 100 mM ammonium acetate and 490 
0.7 % formic acid (98-100% chemical purity, from Sigma-Aldrich, St. Louis, MO, USA) in 491 
water. Amino acids were separated with the following gradient: 90% to 70%B in 4 min, held 492 
at 70%B for 1.5 min, 70% to 40%B in 0.5 min, held at 40%B for 2.5 min, 40% to 90%B in 0.5 493 
min, held at 90%B for 2 min. The flow rate was varied as follows: held at 0.6 mL/min for 6.5 494 
min, linearly increased from 0.6 mL/min to 1 mL/min in 0.5 min, and held at 1 mL/min for 4 495 
min. The total run time was 11 min. The mass spectrometry parameters have been previously 496 
described [69]. 497 
 498 
GC-MS analysis for fatty acid 499 
Fatty acid was quantified using a method as described previously [70]. Specifically, 0.5 500 
mL of supernatant was acidified with 50 μL of concentrated HCl (12N). The fatty acids were 501 
extracted twice with 0.5 mL ethyl acetate. The extracted fatty acids were derivatized to fatty 502 
acid methyl esters (FAME) by adding 10 μL concentrated HCl, 90 μL methanol and 100 μL of 503 
TMS-diazomethane, and incubated at room temperature for 15 min. Gas chromatography-mass 504 
spectrometry (GC-MS) analysis of FAME was performed on Agilent 5975 system (Agilent, 505 
USA) equipped with a capillary column (DB5-MS, 30 m X 0.25 mm). Sample solutions were 506 
analyzed directly by GC-MS at a flow rate of 0.8ml min-1, column was equilibrated at 75°C for 507 
1 min, with a 30°C min-1 increase to 170°C, 10°C min-1 increase to 280°C for holding 2 min. 508 
Final FAME concentration was analyzed on the basis of the FAME standard curve obtained 509 
from standard FAME mix (GLC-20 and GLC-30, Sigma Aldrich). 510 
 511 
Culture media, cultivation conditions and sample preparation 512 
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P. putida KT2440  (ATCC 47054) was obtained from ATCC and grown in a chemically 513 
defined M9 minimal medium containing the following (per liter): (NH4)2SO4 1.0 g/L, KH2PO4 514 
1.5 g/L, Na2HPO4 3.54 g/L, MgSO4·7H2O 0.2 g/L, CaCl2·2H2O 0.01 g/L, ammonium ferric 515 
citrate 0.06 g/L and trace elements (H3BO3 0.3 mg/L, CoCl2·6H2O 0.2 mg/L, ZnSO4·7H2O 0.1 516 
mg/L, MnCl2·4H2O 0.03 mg/L, NaMoO4·2H2O 0.03 mg/L, NiCl2·6H2O 0.02 mg/L, 517 
CuSO4·5H2O 0.01 mg/L [71, 72]. For biological assays, the BCD fractions were used at 518 
concentrations of 80% (v/v) in 15-mL culture tubes. For comparison, additional assays were 519 
conducted with (1) p-coumarate (1.4 g/L); (2) amino acid mixtures (alanine, serine, proline, 520 
glutamic acid, isoleucine, phenylalanine, tyrosine, histidine, tryptophan, threonine, leucine and 521 
lysine, total concentration was 0.3 g/L); and (3) the mixture p-coumarate (1.4 g/L)/amino acids 522 
(0.3 g/L), which were representative of the concentration of these constituents of the BCD 523 
fraction diluted to 80% (v/v). Each culture media was sterilized by filtration through 0.20 μm 524 
pore size (Thermo Fisher Scientific).  Seed cultures for P. putida KT2440 were prepared in LB 525 
(lysogeny broth) medium at 30 °C, agitated at 200 rpm overnight. The seed culture (2% v/v) 526 
was inoculated into each test tube with 10 mL minimal medium (pH was adjusted to 7.0) to 527 
start the cultivations at 30 °C and agitated at 200 rpm.  528 
Samples from the cultivations were collected and centrifuged at defined intervals, and 529 
the supernatants were stored at -80 °C for GPC and LC−MS analysis. Biomass concentration 530 
was measured as optical density at 600 nm in a SpectraMax M2 spectrophotometer (Molecular 531 
Devices, San Jose, CA) using 96-well Costar assay plates (Corning Inc., Corning, NY). The 532 
bacterial cultures were diluted to fall within the linear range of the spectrophotometer. Three 533 
biological replicates were performed, and the obtained values were corrected with uninoculated 534 
controls. For proteome analysis, three biological replicates of each different substrate-grown 535 
cells were harvested in mid-log phase. 536 
 537 
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Generation of ΔPP_3358 deletion strains in KT2440 538 
Hydroxycinnamoyl-CoA hydratase-lyase (ech; PP_3358) gene deletion mutants in P. 539 
putida were constructed by homologous recombination and sacB counterselection using the 540 
allelic exchange vector pMQ30 [73]. Briefly, homology fragments 1kb up- and downstream of 541 
the target gene, including the start and stop codons respectively, were cloned into pMQ30 via 542 
Gibson assembly. Plasmids were then transformed via electroporation in E. coli S17 and then 543 
mated into P. putida via conjugation[74]. Transconjugants were selected for on LB Agar plates 544 
supplemented with gentamicin 30 mg/mL, and chloramphenicol 30 mg/mL. Transconjugants 545 
were then grown overnight on LB media also supplemented with gentamicin 30 mg/mL, and 546 
chloramphenicol 30 mg/mL, and then plated on LB Agar with no NaCl supplemented with 10% 547 
(w/v) sucrose. Putative deletions were restreaked on LB Agar with no NaCl supplemented with 548 
10% (w/v) sucrose, and then were screened via PCR with primers flanking the target gene to 549 
confirm gene deletion (Table S3). Plasmids and primers were designed using Device Editor [75] 550 
and j5 software [76], and plasmids were assembled with Gibson assembly [77]. The strain 551 
(JPUB_013613) is available from the JBEI Public Registry (https://public-registry.jbei.org/; 552 
Table 2).  553 
 554 
Generation of ΔPP5063_5064_0308-0313 deletion strains in KT2440 555 
Deletion mutant P. putida ΔPP5063_5064 was assembled via the same method as 556 
previously described in creation of ΔPP3358 deletion strains in KT2440 above. Homologous 557 
recombination and sacB counterselection was used to construct the double knockout deletion 558 
mutants targeting the genes NAD-dependent betaine aldehyde dehydrogenase (betB; PP_5063) 559 
and choline dehydrogenase (betA-II; PP_5064). Transconjugants were screened via colony 560 
PCR with primers flanking the target gene deletion regions (Table S4). The deletion of 561 
dimethylglycine dehydrogenase (PP_0308-0313) in P. putida was further constructed by 562 
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homologous recombination and sacB counterselection using the vector pBF_ΔPP_0308-0313. 563 
Homologous fragments of 500 bps flanking the up-and downstream regions of the target genes 564 
were amplified through PCR and assembled into the pK18mobsacB vector with restriction 565 
enzyme digestion and T4 ligation. The assembled plasmid was transformed via heat-shock into 566 
E. coli S17 cells and transformants were selected on LB Agar plates supplemented with 50 567 
mg/mL kanamycin. Positive transformants were grown overnight in LB broth supplemented 568 
with 50 mg/mL kanamycin and the plasmid pBF_ΔPP0308-0313 was extracted using the 569 
Qiagen Miniprep kit. The extracted pBF_ΔPP0308-0313 plasmid was further transformed into 570 
the P. putida ΔPP5063_5064 mutant via electroporation. Selection on single and double 571 
crossover events were screened by plating on LB Agar supplemented with 50 mg/mL 572 
kanamycin and LB Agar with no NaCl supplemented with 25% (w/v) sucrose. Deletion 573 
mutants that did not grow when restreaked onto kanamycin supplemented plates were 574 
confirmed via colony PCR using primers that flank the deletion region in the genome (Table 575 
S4). Plasmids and primers were designed using SnapGene (GSL Biotech; available at 576 
snapgene.com). In order to compare the genotype of the P. putida ΔPP5063_5064_0308-0313 577 
mutant and the wild type P. putida KT2440 in the presence of choline, each strain was grown 578 
in M9 medium supplemented with 0.2% (w/v) choline aspartate and monitored over 24 hours 579 
using a TECAN F200 microplate reader (TECAN, Switzerland) at 30 °C, agitated at 200 rpm. 580 
The Strain (JPUB_013615) is available from the JBEI Public Registry (https://public-581 
registry.jbei.org/; Table 2).  582 
 583 
Standard flow mass spectrometry and LC-MS/MS data analysis 584 
Samples prepared for shotgun proteomic experiments were analyzed by using an 585 
Agilent 6550 iFunnel Q-TOF mass spectrometer (Agilent Technologies, Santa Clara, CA) 586 
coupled to an Agilent 1290 UHPLC system as described previously [78]. Twenty (20) μg of 587 
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peptides were separated on a Sigma–Aldrich Ascentis Peptides ES-C18 column (2.1 mm × 100 588 
mm, 2.7 μm particle size, operated at 60 °C) at a 0.400 mL/min flow rate and eluted with the 589 
following gradient: initial condition was 95% solvent A (0.1% formic acid) and 5% solvent B 590 
(99.9% acetonitrile, 0.1% formic acid). Solvent B was increased to 35% over 120 min, and 591 
then increased to 50% over 5 min, then up to 90% over 1 min, and held for 7 min at a flow rate 592 
of 0.6 mL/min, followed by a ramp back down to 5% B over 1 min where it was held for 6 min 593 
to re-equilibrate the column to original conditions. Peptides were introduced to the mass 594 
spectrometer from the LC by using a Jet Stream source (Agilent Technologies) operating in 595 
positive-ion mode (3500 V). Source parameters employed gas temp (250 °C), drying gas (14 596 
L/min), nebulizer (35 psig), sheath gas temp (250 °C), sheath gas flow (11 L/min), VCap (3500 597 
V), fragmentor (180 V), OCT 1 RF Vpp (750 V). The data were acquired with Agilent 598 
MassHunter Workstation Software, LC/MS Data Acquisition B.06.01 operating in Auto 599 
MS/MS mode whereby the 20 most intense ions (charge states, 2-5) within 300–1,400 m/z 600 
mass range above a threshold of 1,500 counts were selected for MS/MS analysis. MS/MS 601 
spectra (100-1700 m/z) were collected with the quadrupole set to “Medium” resolution and 602 
were acquired until 45,000 total counts were collected or for a maximum accumulation time of 603 
333 ms. Former parent ions were excluded for 0.1 min following MS/MS acquisition.  604 
The acquired proteomic data were exported as mgf files and searched against the latest 605 
Pseudomonas putida KT2440 protein database with Mascot search engine version 2.3.02 606 
(Matrix Science). The resulting search results were filtered and analyzed by Scaffold v 4.3.0 607 
(Proteome Software Inc.). The normalized spectra count of identified proteins were exported 608 
for relative quantitative analysis and selecting target genes which expression were significantly 609 
altered between experimental groups. In addition, clusters of orthologous groups of proteins 610 
(COG) annotations of our proteomes were subjected to classification using RPS-BLASAhT 611 
program on COG database (https://www.ncbi.nlm.nih.gov/COG/). The mass spectrometry 612 
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proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE 613 
partner repository [79] with the dataset identifier PXD014285 and 10.6019/PXD014285. 614 
 615 
                                           616 
  617 
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Table 1. Compositional analysis of major components in the sorghum, acid precipitated solids, 635 
acid precipitated lignin and BCD liquor (dry wt %). 636 
 Sorghum  Precipitated 
solids 
AP lignin BCD liquora 
Total lignin 18.9 ± 1.5 54.2 ± 0.9 69.5 ± 1.0 20.5 ± 0.9 
Glucan 31.5 ± 0.8 1.4 ± 0.5 0.5 ± 0.1 0.3 ± 0.1 
Xylan 19.9 ± 0.3 19.2 ± 0.3 4.0 ± 0.9 1.2 ± 0.2 
Ash 3.0 ± 0.1 1.0 ± 0.1 1.6 ± 0.7 1.0 ± 0.1 
Total 73.3 ± 1.9 75.8 ± 0.1 75.6 ± 1.3 23.5 ± 1.3 
aThe composition corresponds to the soluble liquor produced at 120°C and 5% NaOH after 637 
neutralizing at pH 7 for the bacterial cultures. 638 
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Table 2. Bacterial strains and plasmids used in this study. 639 
Strain and plasmid Description Source JBEI ID 
P. putida    
KT2440 Wild-type strain ATCC 47054 - 
JBEI-104670 KT2440 DPP_3358 This study JPUB_013613 
JBEI-104690 KT2440 DPP_0308-0313 D5063-5064 This study JPUB_013615 
E. coli    
S17-1 recA pro hsdR RP4-2-Tc::Mu-Km::Tn7 integrated into the chromosome ATCC 47055 JPUB_011083 
Plasmids    
pMQ30 vector for allelic exchange in P. putida, colE1, sacB, GmR [73] - 
pK18mobsacB vector for allelic exchange in P. putida, KanR ATCC 87097 JPUB_011084 
pMQ30 PP3358 pMQ30 derivative containing 1kb flanking regions of PP_3358 This study JPUB_013614 
pMQ30 PP5063-5064 pMQ30 derivative containing 1kb flanking regions of PP_5063-5064 This study JPUB_013616 
pBF_ΔPP0308-0313 pK18mobsacB derivative containing 500bps flanking region of PP_0308-0313 This study JPUB_013617 
 640 
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 641 
Figure 1. Process flow for obtaining the (A) AP lignin and (B) BCD liquor. The first processing 642 
step, ionic liquids pretreatment, is the same in both processes.  643 
644 
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 34 
Figure 2. (A) Aromatic molecular weight profiles (B) major monoaromatic compounds (C) 646 
minor monoaromatic compounds and (D) amino acid components and concentrations. pCA = 647 
p-coumarate; FA = ferulate; SA = syringate; pHBAld = p-hydroxybenzaldehyde; BA = 648 
benzoate; pHBA = p-hydroxybenzoate; VA = vanillate; VN = vanillin. The error bars 649 
indicate the error range from two technical replicates. 650 
651 
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 652 
Figure 3. 2D HSQC NMR spectra of (A) BCD liquor and (B) AP lignin. H, p-hydroxyphenyl 653 
units; G, guaiacyl units; S, syringyl units; pCA, p-coumarates; FA, ferulates; A, β-O-4 alkyl-654 
aryl ethers; I, hydroxycinnamyl alcohol endgroups; C, resinols (β-β). A ratio (%) represents a 655 
fraction of 100 in interunit linkages.  656 
657 
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 658 
Figure 4. Growth profiles of P. putida grown in 80% (v/v) BCD liquor. Molecular weight 659 
profiles at 260 nm in BCD liquor before and after the microbial cultivation. (A) Growth profiles 660 
and (B) GPC chromatograms from BCD liquor cultivated in wt. P. putida. (C) Growth profiles 661 
and (D) GPC chromatograms from BCD liquor cultivated in of ΔPP_3358 mutant. 662 
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  663 
Figure 5. Differentially abundance of P. putida proteins grown in the presence of BCD liquor 664 
compared to a glucose control. Increased fold changes of proteins/pathways are marked in red, 665 
and decreased fold changes of proteins/pathways are marked in Blue. The abundance of 666 
proteins/pathways indicated in black were not significantly changed in the BCD liquor. 667 
Proteins/pathways indicated in gray and dashed lines were not observed in our proteomics 668 
survey. The abbreviations used are: ED pathway, Entner-Doudoroff pathway; EMP pathway, 669 
Embden-Meyerhof-Parnas pathway; PP pathway, pentose phosphate pathway; G6P, glucose-670 
6-P; 6PG, 6-phosphogluconate; 6PGL, 6-P-glucono-1,5-lactone; F6P, fructose-6-P; FBP, 671 
fructose-1,6-P2; G3P, glyceraldehyde-3-P; 3PG, glycerate-3-P; PEP, phosphoenolpyruvate; 672 
Pyr, pyruvate; OAA, oxaloacetate; CIT, citrate; ICT, isocitrate, 2-KGT, 2-ketoglutarate; 673 
SucCoA, succinyl-CoA; SUC, succinate; FUM, fumarate; MAL, malate. 674 
10.1002/cssc.202000268
Ac
ce
pt
ed
 M
an
us
cr
ip
t
ChemSusChem
This article is protected by copyright. All rights reserved.
 38 
References 675 
[1] M. E. Himmel, S.-Y. Ding, D. K. Johnson, W. S. Adney, M. R. Nimlos, J. W. Brady, 676 
T. D. Foust, science 2007, 315, 804-807. 677 
[2] J. Zakzeski, P. C. Bruijnincx, A. L. Jongerius, B. M. Weckhuysen, Chemical reviews 678 
2010, 110, 3552-3599. 679 
[3] P. C. R. Pinto, E. A. B. da Silva, A. E. Rodrigues, in Biomass Conversion, Springer, 680 
2012, pp. 381-420. 681 
[4] J. H. Lora, W. G. Glasser, Journal of Polymers and the Environment 2002, 10, 39-48. 682 
[5] A. J. Ragauskas, G. T. Beckham, M. J. Biddy, R. Chandra, F. Chen, M. F. Davis, B. H. 683 
Davison, R. A. Dixon, P. Gilna, M. Keller, Science 2014, 344, 1246843. 684 
[6] R. Davis, L. Tao, E. Tan, M. Biddy, G. Beckham, C. Scarlata, J. Jacobson, K. Cafferty, 685 
J. Ross, J. Lukas, National Renewable Energy Lab.(NREL), Golden, CO (United 686 
States), 2013. 687 
[7] D. R. Vardon, M. A. Franden, C. W. Johnson, E. M. Karp, M. T. Guarnieri, J. G. Linger, 688 
M. J. Salm, T. J. Strathmann, G. T. Beckham, Energy & Environmental Science 2015, 689 
8, 617-628. 690 
[8] D. Salvachúa, E. M. Karp, C. T. Nimlos, D. R. Vardon, G. T. Beckham, Green 691 
Chemistry 2015, 17, 4951-4967. 692 
[9] J. G. Linger, D. R. Vardon, M. T. Guarnieri, E. M. Karp, G. B. Hunsinger, M. A. 693 
Franden, C. W. Johnson, G. Chupka, T. J. Strathmann, P. T. Pienkos, Proceedings of 694 
the National Academy of Sciences 2014, 111, 12013-12018. 695 
[10] M. Mascal, ChemSusChem 2020, 13, 274-277. 696 
[11] P. I. Nikel, V. de Lorenzo, Metabolic engineering 2018. 697 
[12] T. D. Bugg, M. Ahmad, E. M. Hardiman, R. Rahmanpour, Natural product reports 698 
2011, 28, 1883-1896. 699 
[13] A. Rodriguez, D. Salvachúa, R. Katahira, B. A. Black, N. S. Cleveland, M. Reed, H. 700 
Smith, E. E. Baidoo, J. D. Keasling, B. A. Simmons, ACS Sustainable Chemistry & 701 
Engineering 2017, 5, 8171-8180. 702 
[14] R. Katahira, A. Mittal, K. McKinney, X. Chen, M. P. Tucker, D. K. Johnson, G. T. 703 
Beckham, ACS Sustainable Chemistry & Engineering 2016, 4, 1474-1486. 704 
[15] P. J. Deuss, M. Scott, F. Tran, N. J. Westwood, J. G. de Vries, K. Barta, Journal of the 705 
American Chemical Society 2015, 137, 7456-7467. 706 
[16] C. Xu, R. A. D. Arancon, J. Labidi, R. Luque, Chemical Society Reviews 2014, 43, 707 
7485-7500. 708 
[17] J. E. Miller, L. R. Evans, J. E. Mudd, K. A. Brown, Sandia National Laboratories 709 
Report, SAND2002-1318 2002. 710 
[18] B. Rößiger, G. Unkelbach, D. Pufky-Heinrich, in Lignin-Trends and Applications, 711 
IntechOpen, 2018. 712 
[19] C. W. Johnson, P. E. Abraham, J. G. Linger, P. Khanna, R. L. Hettich, G. T. Beckham, 713 
Metabolic engineering communications 2017, 5, 19-25. 714 
[20] T. Michinobu, M. Hishida, M. Sato, Y. Katayama, E. Masai, M. Nakamura, Y. Otsuka, 715 
S. Ohara, K. Shigehara, Polymer journal 2008, 40, 68-75. 716 
[21] F. H. Isikgor, C. R. Becer, Polymer Chemistry 2015, 6, 4497-4559. 717 
[22] J. Shi, J. M. Gladden, N. Sathitsuksanoh, P. Kambam, L. Sandoval, D. Mitra, S. Zhang, 718 
A. George, S. W. Singer, B. A. Simmons, Green Chemistry 2013, 15, 2579-2589. 719 
[23] J. Sun, N. M. Konda, R. Parthasarathi, T. Dutta, M. Valiev, F. Xu, B. A. Simmons, S. 720 
Singh, Green Chemistry 2017, 19, 3152-3163. 721 
[24] J. P. Hallett, T. Welton, Chemical reviews 2011, 111, 3508-3576. 722 
10.1002/cssc.202000268
Ac
ce
pt
ed
 M
an
us
cr
ip
t
ChemSusChem
This article is protected by copyright. All rights reserved.
 39 
[25] J. Sun, J. Shi, N. M. Konda, D. Campos, D. Liu, S. Nemser, J. Shamshina, T. Dutta, P. 723 
Berton, G. Gurau, Biotechnology for biofuels 2017, 10, 154. 724 
[26] X. Wang, L. Lin, J. Dong, J. Ling, W. Wang, H. Wang, Z. Zhang, X. Yu, Appl. Environ. 725 
Microbiol. 2018, 84, e01469-01418. 726 
[27] K. Ravi, J. García-Hidalgo, M. F. Gorwa-Grauslund, G. Lidén, Applied microbiology 727 
and biotechnology 2017, 101, 5059-5070. 728 
[28] Y. Shi, X. Yan, Q. Li, X. Wang, S. Xie, L. Chai, J. Yuan, Process Biochemistry 2017, 729 
52, 238-242. 730 
[29] K. Numata, K. Morisaki, ACS Sustainable Chemistry & Engineering 2015, 3, 569-573. 731 
[30] S. A. Shields-Menard, M. AmirSadeghi, M. Green, E. Womack, D. L. Sparks, J. Blake, 732 
M. Edelmann, X. Ding, B. Sukhbaatar, R. Hernandez, International Biodeterioration 733 
& Biodegradation 2017, 121, 79-90. 734 
[31] Z. Xu, X. Li, N. Hao, C. Pan, A. Ahamed, J. H. Miller, A. J. Ragauskas, J. Yuan, B. 735 
Yang, Bioresource technology 2019, 273, 538-544. 736 
[32] J. Yu, H. Stahl, Bioresource technology 2008, 99, 8042-8048. 737 
[33] M. Kosa, A. J. Ragauskas, Green Chemistry 2013, 15, 2070-2074. 738 
[34] Y. Sasaki, T. Eng, R. A. Herbert, J. Trinh, Y. Chen, A. Rodriguez, J. Gladden, B. A. 739 
Simmons, C. J. Petzold, A. Mukhopadhyay, Biotechnology for biofuels 2019, 12, 1-15. 740 
[35] E. Sundstrom, J. Yaegashi, J. Yan, F. Masson, G. Papa, A. Rodriguez, M. Mirsiaghi, L. 741 
Liang, Q. He, D. Tanjore, Green chemistry 2018, 20, 2870-2879. 742 
[36] A. Toledano, L. Serrano, J. Labidi, Journal of Chemical Technology & Biotechnology 743 
2012, 87, 1593-1599. 744 
[37] C. Jose, A. Gutiérrez, I. M. Rodríguez, D. Ibarra, A. T. Martinez, Journal of Analytical 745 
and Applied Pyrolysis 2007, 79, 39-46. 746 
[38] Á. T. Martínez, J. Rencoret, G. Marques, A. Gutiérrez, D. Ibarra, J. Jiménez-Barbero, 747 
C. José, Phytochemistry 2008, 69, 2831-2843. 748 
[39] J. Dong, Y. Chen, V. T. Benites, E. Baidoo, C. Petzold, H. Beller, A. Eudes, H. Scheller, 749 
P. Adams, A. Mukhopadhyay, bioRxiv 2018, 496497. 750 
[40] J. I. Jiménez, B. Miñambres, J. L. García, E. Díaz, Environmental microbiology 2002, 751 
4, 824-841. 752 
[41] M. J. Wargo, B. S. Szwergold, D. A. Hogan, Journal of bacteriology 2008, 190, 2690-753 
2699. 754 
[42] F. Diab, T. Bernard, A. Bazire, D. Haras, C. Blanco, M. Jebbar, Microbiology 2006, 755 
152, 1395-1406. 756 
[43] E. Belda, R. G. Van Heck, M. José Lopez‑Sanchez, S. Cruveiller, V. Barbe, C. Fraser, 757 
H. P. Klenk, J. Petersen, A. Morgat, P. I. Nikel, Environmental microbiology 2016, 18, 758 
3403-3424. 759 
[44] M. J. Wargo, Appl. Environ. Microbiol. 2013, 79, 2112-2120. 760 
[45] K. H. Kim, T. Dutta, J. Ralph, S. D. Mansfield, B. A. Simmons, S. Singh, Biotechnology 761 
for biofuels 2017, 10, 101. 762 
[46] S. Wang, W. Gao, L.-P. Xiao, J. Shi, R.-C. Sun, G. Song, Sustainable Energy & Fuels 763 
2019, 3, 401-408. 764 
[47] M. M. Jensen, D. T. Djajadi, C. Torri, H. B. Rasmussen, R. B. Madsen, E. Venturini, I. 765 
Vassura, J. Becker, B. B. Iversen, A. S. Meyer, ACS Sustainable Chemistry & 766 
Engineering 2018, 6, 5940-5949. 767 
[48] L. Chen, T. I. Korányi, E. J. Hensen, Chemical Communications 2016, 52, 9375-9378. 768 
[49] J. Ralph, Phytochemistry Reviews 2010, 9, 65-83. 769 
[50] J. C. Del Río, J. Rencoret, P. Prinsen, A. n. T. Martínez, J. Ralph, A. Gutiérrez, Journal 770 
of agricultural and food chemistry 2012, 60, 5922-5935. 771 
10.1002/cssc.202000268
Ac
ce
pt
ed
 M
an
us
cr
ip
t
ChemSusChem
This article is protected by copyright. All rights reserved.
 40 
[51] J. Ralph, R. D. Hatfield, S. Quideau, R. F. Helm, J. H. Grabber, H.-J. G. Jung, Journal 772 
of the American Chemical Society 1994, 116, 9448-9456. 773 
[52] C. Crestini, D. S. Argyropoulos, Journal of agricultural and food chemistry 1997, 45, 774 
1212-1219. 775 
[53] K. Jiang, L. Li, L. Long, S. Ding, Bioresource technology 2016, 207, 1-10. 776 
[54] J. Ralph, M. Bunzel, J. M. Marita, R. D. Hatfield, F. Lu, H. Kim, P. F. Schatz, J. H. 777 
Grabber, H. Steinhart, Phytochemistry Reviews 2004, 3, 79-96. 778 
[55] D. M. de Oliveira, A. Finger‑Teixeira, T. Rodrigues Mota, V. H. Salvador, F. C. 779 
Moreira‑Vilar, H. B. Correa Molinari, R. A. Craig Mitchell, R. Marchiosi, O. Ferrarese‑780 
Filho, W. Dantas dos Santos, Plant biotechnology journal 2015, 13, 1224-1232. 781 
[56] T. Virupaksha, L. Sastry, Journal of Agricultural and Food Chemistry 1968, 16, 199-782 
203. 783 
[57] M. I. Aveldano, L. A. Horrocks, Journal of lipid research 1983, 24, 1101-1105. 784 
[58] J. M. DeMan, J. W. Finley, W. J. Hurst, C. Y. Lee, Principles of food chemistry, 785 
Springer, 1999. 786 
[59] D. Salvachúa, T. Rydzak, R. Auwae, A. De Capite, B. A. Black, J. T. Bouvier, N. S. 787 
Cleveland, J. R. Elmore, J. D. Huenemann, R. Katahira, Microbial biotechnology 2019. 788 
[60] S. Renilla, V. Bernal, T. Fuhrer, S. Castaño-Cerezo, J. M. Pastor, J. L. Iborra, U. Sauer, 789 
M. Cánovas, Applied microbiology and biotechnology 2012, 93, 2109-2124. 790 
[61] R. P. Maharjan, P.-L. Yu, S. Seeto, T. Ferenci, Research in microbiology 2005, 156, 791 
178-183. 792 
[62] D. White, General Pharmacology 1996, 6, 1077. 793 
[63] E. F. Robertson, H. C. Reeves, Current Microbiology 1986, 14, 347-350. 794 
[64] A. Sluiter, B. Hames, R. Ruiz, C. Scarlata, J. Sluiter, D. Templeton, D. Crocker, 795 
Laboratory analytical procedure 2008, 1617, 1-16. 796 
[65] S. D. Mansfield, H. Kim, F. Lu, J. Ralph, Nature protocols 2012, 7, 1579. 797 
[66] D. J. Yelle, J. Ralph, C. R. Frihart, Magnetic Resonance in Chemistry 2008, 46, 508-798 
517. 799 
[67] H. Kim, J. Ralph, Organic & biomolecular chemistry 2010, 8, 576-591. 800 
[68] A. Eudes, D. Juminaga, E. E. Baidoo, F. W. Collins, J. D. Keasling, D. Loqué, 801 
Microbial cell factories 2013, 12, 62. 802 
[69] G. Bokinsky, E. E. Baidoo, S. Akella, H. Burd, D. Weaver, J. Alonso-Gutierrez, H. 803 
García-Martín, T. S. Lee, J. D. Keasling, Journal of bacteriology 2013, 195, 3173-3182. 804 
[70] F. Zhang, J. M. Carothers, J. D. Keasling, Nature biotechnology 2012, 30, 354. 805 
[71] R. C. Rocha, L. F. da Silva, M. K. Taciro, J. G. Pradella, World Journal of Microbiology 806 
and Biotechnology 2008, 24, 427-431. 807 
[72] S. P. Ouyang, Q. Liu, L. Fang, G. Q. Chen, Macromolecular bioscience 2007, 7, 227-808 
233. 809 
[73] R. M. Shanks, N. C. Caiazza, S. M. Hinsa, C. M. Toutain, G. A. O'Toole, Appl. Environ. 810 
Microbiol. 2006, 72, 5027-5036. 811 
[74] K.-H. Choi, H. P. Schweizer, Nature protocols 2006, 1, 153-161. 812 
[75] J. Chen, D. Densmore, T. S. Ham, J. D. Keasling, N. J. Hillson, Journal of biological 813 
engineering 2012, 6, 1. 814 
[76] N. J. Hillson, R. D. Rosengarten, J. D. Keasling, ACS synthetic biology 2011, 1, 14-21. 815 
[77] D. G. Gibson, L. Young, R.-Y. Chuang, J. C. Venter, C. A. Hutchison III, H. O. Smith, 816 
Nature methods 2009, 6, 343. 817 
[78] S. M. González Fernández-Niño, A. M. Smith-Moritz, L. J. G. Chan, P. D. Adams, J. 818 
L. Heazlewood, C. J. Petzold, Frontiers in bioengineering and biotechnology 2015, 3, 819 
44. 820 
10.1002/cssc.202000268
Ac
ce
pt
ed
 M
an
us
cr
ip
t
ChemSusChem
This article is protected by copyright. All rights reserved.
 41 
[79] J. A. Vizcaíno, A. Csordas, N. Del-Toro, J. A. Dianes, J. Griss, I. Lavidas, G. Mayer, 821 
Y. Perez-Riverol, F. Reisinger, T. Ternent, Nucleic acids research 2015, 44, D447-822 
D456. 823 
 824 
 825 
 826 
10.1002/cssc.202000268
Ac
ce
pt
ed
 M
an
us
cr
ip
t
ChemSusChem
This article is protected by copyright. All rights reserved.
